Clathrin-mediated endocytosis is a fundamental transport pathway that depends on numerous protein-protein interactions. Testing the importance of the adaptor protein-clathrin interaction for coat formation and progression of endocytosis in vivo has been difficult due to experimental constrains. Here, we addressed this question using the yeast clathrin adaptor Sla1, which is unique in showing a cargo endocytosis defect upon substitution of 3 amino acids in its clathrinbinding motif (sla1 AAA ) that disrupt clathrin binding. Live-cell imaging showed an impaired Sla1-clathrin interaction causes reduced clathrin levels but increased Sla1 levels at endocytic sites.
The clathrin "triskelion", the soluble form of clathrin, is composed of 3 heavy chains and 3 light-chain subunits. 4, 5, [19] [20] [21] As clathrin is unable to bind directly to membrane components, coat assembly requires adaptors that link clathrin to membrane proteins and/or lipids. 22, 23 The clathrin box (CB) is a type of clathrinbinding motif present in adaptor proteins that binds the Nterminal domain of the clathrin heavy chain. 19, [24] [25] [26] In addition to assisting in clathrin recruitment, adaptors also select and concentrate transmembrane protein cargo by binding to cytoplasmic sorting signals in cargo proteins. 27 Interestingly, binding to clathrin and cargo may also stabilize adaptors as part of the coat. 24, 28 Additionally, adaptors interact with a host of accessory proteins that function in different stages of endocytosis. Sla1 binds clathrin through a variant clathrin box (vCB) sequence (LLDLQ) and also binds and collects transmembrane protein cargo containing the NPFxD endocytic signal. [29] [30] [31] [32] [33] Thus, Sla1 is a good example of an endocytic clathrin adaptor. Moreover, it was previously shown that mutation of the Sla1 vCB motif from LLDLQ to AAALQ in the SLA1 gene (sla1 AAA ) impedes physical interaction with clathrin and causes a defect in endocytosis of endogenous NPFxD-dependent cargo. 29 While this result underscored the importance of adaptorclathrin interaction during CME, it is not clear if the endocytosis defect is the result of aberrant clathrin recruitment, Sla1 recruitment or both.
How does the adaptor-clathrin interaction impact progression of endocytosis and the ability of the CME machinery to bend the membrane and change the invagination shape? This question has gained particular relevance in light of recent findings that all the needed clathrin appears to be present at endocytic sites since early stages of CME when the membrane is still flat. This result was first reported in yeast cells, which necessitate actin polymerization to drive membrane bending and internalization. 17 Subsequently, the same correlative fluorescence and electron microcopy approach applied to mammalian cells, which may have a more nuanced actin requirement, also
showed the presence of a full clathrin coat before membrane bending. 34, 35 As a result, the traditional view of clathrin function in shaping the plasma membrane invagination has been challenged. 19, 36, 37 In this emerging new model, clathrin is being described as a passive player that adjusts to the changing curvature imposed by other components of the machinery, such as actin and BAR-domain proteins. 17, 34 It is therefore unclear if clathrin cooperates with such membrane shaping forces of the CME machinery during progression of endocytosis.
Here, we explored the functional meaning of the adaptor-clathrin interaction using Sla1 vCB mutant cells (sla1 AAA
. We observed an overall decrease in clathrin recruitment and increase in Sla1 recruitment at CME sites, a significant delay in progression to later stages of endocytosis, an excess accumulation of the actin machinery and other CME proteins, and abnormal endocytic membrane profiles. The findings suggest that clathrin recruitment by adaptor protein contributes to transition to later stages of endocytosis and cooperates with other components of the CME machinery to shape the invaginating membrane.
2 | RESULTS
| Impaired Sla1-clathrin binding results in higher levels of Sla1 at endocytic sites
Our previous work showed sla1 AAA cells constitute an ideal system to address the function of adaptor-clathrin interaction in CME. 29 First, we wanted to establish if an impaired interaction between Sla1 and clathrin in sla1 AAA cells could cause a defect in Sla1 recruitment, clathrin recruitment or both. To investigate this question, a strain expressing both Sla1 AAA -GFP and Pan1-RFP from the corresponding endogenous locus was generated and analyzed by 2-color, live-cell confocal fluorescence microscopy. A wild-type control strain expressing Sla1-GFP and Pan1-RFP was also generated and analyzed in parallel. Pan1 is an endocytic protein with a recruitment time similar to that of Sla1 that serves as a reference for endocytic sites. 12, 38, 39 Importantly, Sla1 AAA -GFP was present at all Pan1-RFP patches, paralleling results with wild-type cells ( Figure 1A ). We then measured the Sla1 peak patch/cytosol fluorescent intensity ratio in both wild-type and sla1 AAA cells. Results from these experiments demonstrated that not only were levels of Sla1 AAA -GFP not reduced at endocytic sites, but were actually enhanced to statistically significant higher levels relative to Sla1-GFP ( Figure 1A ). The number of Sla1 AAA -GFP patches per cell was also increased relative to Sla1-GFP ( Figure S1 ). Interestingly, Pan1-RFP levels at endocytic sites were also enhanced in and clathrin heavy chain-GFP (CHC-GFP) from the corresponding endogenous locus was generated and analyzed. A wild-type control strain expressing Sla1-RFP and CHC-GFP was also generated and analyzed in parallel. Since clathrin localizes to regions of the cell other than the plasma membrane (trans-Golgi Network, endosomes), Sla1-RFP was used as a marker for localization of clathrin to endocytic sites. Quantification showed lower levels of CHC-GFP at endocytic sites in sla1 AAA cells relative to wild-type cells (Figure 2A ). To corroborate this result, comparison of CHC-GFP levels at endocytic sites between wild-type and sla1 AAA cells was also performed following a "blinded" approach in which the operator was unaware of the identity of the samples. Again, results demonstrated that reduced wt -RFP were analyzed in parallel for comparison. Left, panels show one representative frame of a movie. Given that CHC-GFP also localizes to internal organelles, the presence of Sla1 was used as a reference to quantify CHC-GFP specifically at endocytic sites. White arrows indicate examples of endocytic sites. Scale bar, 1 μm. Right, quantification represented as box and whisker (minimum-maximum) plots demonstrates lower levels of CHC-GFP at endocytic sites in sla1
AAA cells relative to wild-type cells (P < .001, N = 83 wild-type cell patches and N = 112 sla1 AAA cell patches. B, Similar CHC-GFP live-cell imaging and quantification was performed in wild-type and sla1 AAA cells as described in Figure 2A . The quantification of this experiment was performed in a blind fashion such that the identity of the samples was not known by the investigator until post-imaging and fluorescent intensity analysis. Left, panels show one representative frame of a movie with white arrows indicating examples of endocytic sites. Right, quantification showed lower CHC-GFP patch/cytosol fluorescence intensity ratio (P < .001, N = 75 patches per cell type) and patch fluorescence intensity (P < . Figure 3A ). This result along with lower levels of clathrin at endocytic sites in sla1 AAA cells suggests that the Sla1-clathrin interaction is necessary for proper recruitment of both proteins.
In order to determine if there was a delay in Sla1 AAA -GFP recruitment compared with wild-type Sla1-GFP, we generated strains expressing either of these proteins and Ede1-RFP from the corresponding endogenous locus. Ede1 is an early marker that arrives at endocytic sites well before Sla1. 13 Quantification of patch lifetimes and relative recruitment times between Ede1 and Sla1 gave 2 results of interest ( Figure 4A) ( Figure 4C ). This result suggests a more general defect in coat formation and progression from early to late stages of endocytosis when the Sla1-clathrin interaction is impaired. To study their dynamics and overall recruitment levels, we generated cells expressing Yap1801-GFP and Sla1-RFP or Sla1 AAA -RFP from the corresponding endogenous locus. We also generated cells expressing Figures 1 and 7B ). These results demonstrate that deficient Sla1-clathrin binding results in delayed actin polymerization, as marked by Abp1-mCherry, relative to the recruitment of the actin polymerizing machinery. Given that clathrin is present at reduced levels in sla1 AAA cells (Figure 2) , the data suggests a link between formation of the endocytic clathrin coat and initiation of actin polymerization, one of the final stages in CME.
|

| Impaired Sla1-clathrin binding results in higher levels of polymerized actin and scission machinery
In our analysis of the actin machinery, we noticed that in sla1 AAA cells the Abp1-mCherry patches appeared to be much brighter and the lifetime of Abp1-mCherry was longer compared to wild-type cells.
Since actin polymerization is considered the main force-generating component of CME and Abp1 acts as a marker for polymerized actin, it was important to corroborate these observations. Quantification
showed that indeed in sla1 AAA cells the Abp1-mCherry levels were significantly higher ( Figure 7G ) and the patch lifetime was slightly longer ($5 seconds, Figure 6 ) compared with wild-type cells. This data indicates defective Sla1-clathrin binding results in a larger network of polymerized actin at endocytic sites.
We then investigated the effects of impaired Sla1-clathrin interaction on the scission machinery. Rvs167 is one of 2 BAR domaincontaining scission proteins recruited to the endocytic site neck right after actin polymerization begins to assist in vesicle release. 10, 43 We generated and examined cells expressing Rvs167-mCherry and Sla1-GFP or Sla1 AAA -GFP from the corresponding endogenous locus ( Figure 8A ). Rvs167-mCherry was significantly delayed in its recruitment following Sla1 AAA -GFP compared with wild-type Sla1-GFP ( Figure 8A ). This result parallels the late recruitment of Abp1-mCherry in sla1 AAA cells ( Figure 6 ). Also, similar to Abp1-mCherry, Rvs167-GFP fluorescent intensity appeared to be higher and patch lifetime longer in sla1 AAA cells relative to wild-type cells. We thus generated and analyzed wild-type and sla1 AAA strains expressing Rvs167-GFP and Abp1-mCherry from the corresponding endogenous locus. Quantification showed that indeed in sla1 AAA cells the maximal levels of Rvs167-GFP were significantly higher ( Figure 7H ) and the patch lifetime of Rvs167-GFP was extended by approximately 5 seconds ( Figure 8B ) when compared to wild-type cells. Rvs167-GFP recruitment occurs shortly after Abp1-mCherry both in sla1 AAA and FIGURE 4 Legend on next coloumn.
wild-type cells ( Figure 8B ). 
| DISCUSSION
While the function of the adaptor protein-clathrin interaction in CME is conceptually clear, studying its importance in live cells has not been straightforward. For example, the existence of several clathrin adaptors can result in redundancy/compensation and lack of phenotype when only one is mutated. 40, 44, 45 Furthermore, deletion of the adaptor gene can complicate the interpretation of results because the other interactions that adaptors make with cargo and the CME machinery are also lost. 2, 6, 22, 23 On the other hand, overall clathrin deficiency results in defects beyond CME due to its function in the secretory pathway and endosomes. 5, 19, 23 For instance, if clathrin is mutated the CME cargo would not be normally delivered to the plasma membrane in the first place. The sla1 AAA allele is unique in demonstrating a defect in endocytosis of CME endogenous cargo with a mutation that specifically disrupts the clathrin-binding motif but preserves all other Sla1 domains. 29 Also, Sla1 functions specifically in CME, thus avoiding confounding factors such as a role in other vesicle transport pathways that could indirectly affect CME.
The lower clathrin levels detected at late stages of endocytosis in Our results are consistent with a model in which interaction with other adaptors recruited at earlier stages bring initial clathrin triskelia to an incipient CME site 11, 40 and interaction with Sla1 is needed Second, with the exception of clathrin, the levels of all endocytic machinery proteins studied were higher than normal at the endocytic sites of sla1 AAA cells. In particular, the significantly higher levels of Abp1 and expanded ribosome exclusion zone around endocytic sites indicate a larger actin network in sla1 AAA cells. Given that actin polymerization is considered the main force driving membrane bending, this result suggests that the clathrin coat normally cooperates in shaping the membrane and that a higher level of actin polymerization FIGURE 6 Legend on next coloumn.
compensates when clathrin contribution decreases. Another force believed to cooperate in membrane bending arises from the steric collision of coat proteins such as adaptors on the cytosolic side of the membrane, which is alleviated by invaginating the membrane. 37, 46, 47 Again, the higher levels of various proteins in sla1 AAA cells could represent a compensatory mechanism to allow endocytosis progression in a situation of reduced clathrin contribution. Alternatively, increased levels of coat and actin network proteins may be caused by the slower rate of vesicle formation that provides more time for additional recruitment of endocytic factors.
Third, the endocytic membrane profile was longer in sla1 AAA cells.
Given that we only find a deficit of clathrin at CME sites, this result also suggests that a full coat is necessary to produce a normal invagi- to produce endocytic invagination profiles as observed by electron microscopy was first reported using chemical fixation 18 and then high-pressure freezing and freeze substitution of chc1Δ cells. 49 The first study also found that immunogold labeling of Sla1 decorated a higher proportion of longer endocytic invaginations in chc1Δ cells than in wild-type cells. 18 The second study found that the endocytic 3. In addition to binding clathrin, the Sla1 vCB sequence (LLDLQ) binds intramolecularly to the Sla1 SAM domain. 29 Interestingly, the Sla1 SAM domain can homo-oligomerize thus driving Sla1 homo-oligomerization. The region of the SAM domain surface FIGURE 6 Normal transition between coat formation and actin polymerization depends on Sla1-clathrin binding. A, Graphs and kymographs obtained by confocal fluorescent microscopy analysis of Las17-GFP and Abp1-mCherry expressed from the corresponding endogenous locus in wild-type and sla1 AAA cells. White arrows indicate the endocytic sites used to generate the graphs and kymographs. The patch lifetime of both Las17-GFP and Abp1-mCherry were longer in sla1 AAA cells than in wild-type cells (P < .0001 for both proteins, N = 50 patches per strain). The timing of Abp1-mCherry recruitment following Las17-GFP (Δt) was delayed in sla1 AAA cells compared with wild-type cells (P < .0001, N = 50 patches per strain). Scale bar, 1 μm. B, Graphs and kymographs obtained by confocal fluorescent microscopy analysis of Myo5-GFP and Abp1-mCherry expressed from the corresponding endogenous locus in wild-type and sla1 AAA cells. The patch lifetime of both Myo5-GFP and Abp1-mCherry were longer in sla1 AAA cells than in wild-type cells (P < .0001 for both proteins, N = 70 patches per strain). The timing of Abp1-mCherry recruitment following Myo5-GFP (Δt) was delayed in sla1 AAA cells compared with wild-type cells (P < .0001, N = 70 patches per strain).
Also notice that in sla1 AAA cells, the Myo5-GFP fluorescence intensity is present for a long time before Abp1-mCherry arrival but increases concomitantly with Abp1-mCherry recruitment. C, Graphs and kymographs obtained by confocal fluorescent microscopy analysis of Vrp1-GFP and Abp1-mCherry expressed from the corresponding endogenous locus in wild-type and sla1 AAA cells. The patch lifetime of both Vrp1-GFP and Abp1-mCherry were longer in sla1 AAA cells than in wild-type cells (P < .0001 for both proteins, N = 50 patches per strain). The timing of Abp1-mCherry recruitment following Vrp1-GFP (Δt) was delayed in sla1 AAA cells compared with wild-type cells (P < .0001, N = 50 patches per strain).
D,) Graphs and kymographs obtained by confocal fluorescent microscopy analysis of Bzz1-GFP and Abp1-mCherry expressed from the corresponding endogenous locus in wild type and sla1 AAA cells. The patch lifetime of both Bzz1-GFP and Abp1-mCherry were longer in sla1 AAA cells than in wild-type cells (P < .0001 for Bzz1-GFP and P < .05 for Abp1-mCherry, N = 30 patches per strain). The timing of Abp1-mCherry recruitment following Bzz1-GFP (Δt) was delayed in sla1 AAA cells compared with wild-type cells (P < .0001, N = 50 patches per strain)
involved in binding vCB overlaps with the SAM domain homooligomerization surface. Accordingly, vCB was proposed to act as a switch that binds to clathrin or the Sla1 SAM domain thereby mediating clathrin recruitment or inhibiting Sla1 self-oligomerization. 29 Based on this model, the vCB mutation should increase the proportion of oligomeric Sla1, which is expected to occur 
| MATERIALS AND METHODS
| Yeast strains
Standard methods were utilized to generate SDY1031 (MATa ura3-52, leu2-3,112 his3-Δ200,trp1-Δ901, lys2-801, suc2-Δ9 GAL-MEL EDE1-RFP::HIS3) which was then mated with SDY063 (MATα ura3-52, leu2-3,112 his3-Δ200,trp1-Δ901, lys2-801, suc2-Δ9 GAL-MEL TVY614 (MATa ura3-52 leu2-3,112 his3-Δ200 trp1-Δ901 lys2-801 suc2-Δ9 pep4∷LEU2 prb1∷HISG prc1∷HIS3) and GPY4913 (MATa ura3-52 leu2-3,112 his3-Δ200 trp1-Δ901 lys2-801 suc2-Δ9 sla1 AAA pep4∷LEU2 prb1∷HISG prc1∷HIS3).
29,56
The vCB mutation (LLDLQ to AAALQ) was also introduced into the endogenous SLA1 gene in SDY358 (MATα ura3-52, leu2-3,112
his3-Δ200,trp1-Δ901, lys2-801, suc2-Δ9 GAL-MEL SLA1-RFP::Kan) following a similar 2-step approach as described above. The first step generated SDY855 in which the third SH3 domain, SHD2 and vCB of SLA1 were replaced by URA3. In the second step, the BsgI/AgeI fragment containing the LLDLQ to AAALQ mutation cotransformed with 
| Fluorescent microscopy
Fluorescent microscopy imaging was performed using an Olumpus America inc, Melvile, NY. IX81 spinning disk confocal microscope as described. [57] [58] [59] Cells were grown to early log phase and imaged at of the maximal fluorescence. In Figure 2C , cells expressing CHC-RFP and Sla1-GFP or Sla1 AAA -GFP were treated with 250 μM Latrunculin A in SD complete media for 20 minutes before being imaged as described. 11 Statistical significance between wild-type and sla1 AAA cells was determined using an unpaired Student's t-test (Graphpad Software Inc., La Jolla, CA) to determine the SEM and P values.
| Biochemical assay
To obtain total cell extracts, 9 mL of yeast were cultured in yeast buffer and analyzed by immunoblotting as described. 60 Imaging of immunoblots was performed by use of ImageQuant Las500 from Uppsala, Sweden and quantification of band intensity was performed using ImageJ software. 61 
| Transmission electron microscopy
Yeast cultures SDY063 (wild type) and GPY4918 (sla1 AAA ) were grown in YPD media to an OD500 of 0.5, quickly concentrated by filtration, and subjected to high-pressure freezing, freeze-substitution and embedding in Lowicryl HM20 resin as described previously. [62] [63] [64] This was followed by collecting 90 nm sections of the resin embedded cells onto formvar-coated copper grids. The grids were then stained with 2% uranyl acetate prepared in a 70% methanol 30%
water mixture for 15 minutes in the dark. Grids were then washed in a 70% methanol 30% water mixture for 20 seconds. This was followed by incubation in Reynolds lead stain for 3 minutes in the dark, followed by four 50-second washes in diH 2 O. Grids were then subjected to transmission electron microscopy using a Jeol, Peabody, MA microscope. Membrane invagination length and ribosome exclusion zone were measured using Adobe Photoshop software. Statistical significance between membrane invagination lengths and the size of ribosome exclusion zones was determined using an unpaired Student's t-test (Graphpad Software) to determine the SEM and P value.
